Overharvesting of the land crab Cardisoma guanhumi (Latreille, 1828) has occurred in some locations including Puerto Rico. We placed passive integrated transponder (PIT) tags in this crab, C. guanhumi, to estimate a population on the southern coast of Vieques island, Puerto Rico. We were able to recapture marked animals approximately 1 year after tagging. We estimated the population of C. guanhumi on the southern central coast Vieques to be approximately 29 000 individuals. The recapture locations of individuals averaged 136 m (SE ± 55.1) from their point of initial capture. This is remarkable because these crabs are reported to move annually inland up to several kilometers for mating. Either some C. guanhumi do not move during mating season, or they return to the same location they left. The carapace size of captured C. guanhumi suggests hunting was not greatly pressuring populations at the time of this study. These findings may help natural resource managers implement a conservation plan that will allow sustainable harvest of this population.
INTRODUCTION
For natural resource management it is often important to know the number of animals present in a refuge, fishery, or management area. Decisions concerning harvest limits, hunting season length, or conservation strategies may be based on this number. However, it is rarely feasible to capture or count all the animals in a management area and thus estimation techniques must be used. Although there are many options, mark-recapture is commonly employed to generate an estimated population size.
One challenge to mark-recapture methods is selecting methods of marking that last long enough for recapture to take place and that do not affect the animals in a negative way (Fitz and Wiegert, 1991) . Marking methods have included fin-clips, toe-clips, tattoos, paint, visible implant fluorescent elastomer (VIFE) tags, and passive integrated transponder (PIT) tags (Hagler and Jackson, 2001; Campbell et al., 2009) .
Certain animals and environments present challenges for marking techniques for example, external marks do not persist on animals that molt exoskeletons because the external integument of the animal is shed completely. Additionally exoskeletons can be opaque, waxy, and inflexible. For animals that have exoskeletons, internal tagging by PIT tags may be a viable option. These tags are designed to be embedded permanently without affecting the animal significantly. However, the use of PIT tags to mark crustaceans has rarely been attempted. It is possible that PIT tags could have negative effects on animals by interfering with molting of the * Corresponding author; e-mail: albrechtm@unk.edu animals or causing infection at the injection site. Also a PIT tag could be lost from an animal if the body part it is located in is lost from the animal. This event would impact a markrecapture study as it would appear that an animal that has died or left the study area.
The island of Vieques is a municipality of Puerto Rico (PR) and is located approximately 9.5 km off the south-east coast of PR (Fig. 1) . Vieques contains the Vieques National Wildlife Refuge (NWR) that is approximately 7300 hectares in size and encompasses 95% of the mangrove habitat on the island, and that supports the giant land crab Cardisoma guanhumi (Latreille, 1828) , which has been hunted for both personal consumption and sale to food vendors by the residents of Vieques for at least several generations (M. Barandiarn, personal communication). Presently, the majority of C. guanhumi burrow areas are within the Vieques NWR and, thus, responsibility for managing these populations falls to the Fish and Wildlife Service. To protect C. guanhumi the Puerto Rican Department of Natural Resources has established minimum size limits and prohibits harvesting between July 15 and October 15, which is thought to be the mating season (M. Barandiaran, personal communication). The pressure to harvest C. guanhumi on Vieques has increased because in 1991 all state forest and federal reserves on the Puerto Rican mainland were declared to be off-limits to harvesting (Hostetler et al., 1993; Rodriguez-Fourquet and Sabat, 2009) . Puerto Rico has a history of consuming this crab as part of the traditional cuisine and Puerto Rico imported approximately 203 000 kg (812 000 crabs) of C. guanhumi from Venezuela in 1973 (Lutz and Austin, 1983) for processing into food products. Venezuela is still the primary source for crabs as the population has not recovered in Puerto Rico, although recent numbers are not available. The total Puerto Rican catch of land crab in 2005 was a relatively small 635 kilograms (Matas-Caraballo et al., 2007) .
Cardisoma guanhumi, also known as the giant blue land crab or white land crab, is found in tropical and subtropical areas. Cardisoma is a circum-equatorial genus with different species found on the east and west coasts of each continent (Gifford, 1962) . Cardisoma guanhumi is typically found less than 5 km inland of mangroves in wooded areas (Wolcott and Wolcott, 1987; Pinder, 1993) ; it evolved from ocean-dwelling species that found it advantageous to extend courtship and mating to land while returning to the sea or water source to deposit eggs (Bliss, 1968) and utilizes individual burrows that provide access to ground water and often burrow in close proximity to other individuals in desirable areas (Wolcott, 1988) .
Cardisoma guanhumi is a slow-growing species, molting several times annually (Wolcott, 1988) . This species lives in burrows in low-laying areas able to live in saltwater or freshwater Lutz and Austin (1983) . The crabs move inland to mate and females deposit their eggs in the ocean where the larvae hatch and pass through five zoeal and one megalopa stage emerging from the ocean about 40 days after deposition (Costlow and Bookhout, 1968) . Growth rates are not well known, but Henning (1975) estimated that these animals take 4 years to reach sexual maturity and 13 years to reach the greatest size he observed. Interestingly the crab size we found on Vieques (mean mass = 314 g, mean carapace width 87.7 g) was more similar to the size reported for Venezuela and Andros Island, Bahamas (approximately 245 g; Lutz and Austin, 1983) and larger than those found on Puerto Rico (117 g; Govender and Rodriquez-Fourquet, 2010) .
While the total number of crabs in Vieques may be small compared to Venezuela, the Bahamas, and Florida (Lutz and Austin, 1983 ) the value to Vieques residents in food and income makes harvesting them worthwhile (NOAA and Ridolfi, 2006) . For example two experienced hunters captured 300 crabs in one night in June 2010, worth approximately $500 (M. Barandiaran, personal communication).
Our study objectives were to assist the Vieques NWR in producing a management plan for the public land on the south coast of Vieques. This was primarily done through two means, the first was by calculating the statistical distribution of adult mass of C. guanhumi in the study area as an indicator of crab age and thus hunting pressure. Smaller, younger individuals would indicate a population under greater hunting pressure. Additionally the mass data were compared with historical data (such as Matos-Caraballo, 2002 , and data from other locations (Lutz and Austin, 1983; Rodriguez-Fourquet and Sabat, 2009; Govender and Rodriquez-Fourquet, 2010 ) as a general indication of population health. Second, we used a mark-recapture method to estimate the population size of C. guanhumi in the study area. The mark-recapture study was completed to assist the Vieques NWR with management issues such as setting hunting seasons and limits.
MATERIALS AND METHODS
Prior to the work in Vieques, Puerto Rico a small-scale study was performed to test the equipment, procedures, survivorship, and PIT tag retention in C. guanhumi. This study was done in Florida from April to October, 2009. Thirteen C. guanhumi were captured from Ft. Pierce, FL and maintained in Pensacola, FL. They were injected with PIT tags in their minor cheliped, and placed in separate plastic tubs. Each C. guanhumi was injected in the minor cheliped with a single 12 mm AVID MUSICC microchip © using an AVID Microchip MUSICC Microchip Implanter © . The microchip was injected into the arm segment between the carpus and into the center of the merus. The animals were fed fruit, vegetables, and commercial dog food. They were supplied with fresh water. The animals were observed as to general condition and mortality was noted.
The larger study on Vieques, Puerto Rico consisted of three visits to the island. The purpose of the first visit, from 16 July 2009 through 28 July 2009, was to capture and measure and mark as many C. guanhumi in the study area as possible. The study area on Vieques, Puerto Rico was within the eastern part of the Vieques National Wildlife Refuge (Fig. 2) . The study area was bounded on the north by an east-west ridge that runs through the island, on the west by land administered by the Puerto Rico Department of Natural and Environmental Resources, and on the east by land not open to the public. The total study area was about 4.5 km 2 . The work was done by both trapping and hand-catching with a crew of 6 to 12 people. We collected during daylight hours using wooden crab traps. The traps were boxes approximately 400-500 mm long, 120-200 mm wide, and 120-200 mm in height. The front of the trap was cut at a 45
• angle, was open on the bottom, and had a trap door triggered by a crab pulling on a baited trigger which released the door (Fig. 3) . We placed traps on top of randomly determined active burrows, which were identified by fresh mud at the entrance, and the presence of fecal pellets.
The majority of the C. guanhumi were collected by hand at night using volunteers from local crab hunters, members of the Ticatove turtle conservation organization, and University of Nebraska at Kearney distance master's program students. The manual collections were accomplished between 18:00 and 0:00 hours. Cardisoma guanhumi were captured either on the run, by reaching into burrows, or by grabbing them from trees. We spend at least 30 minutes at burrow areas within the study area hunting for crabs. If animals were present, we stayed until no more animals were seen. The second and third recapture efforts, May 19 to 25 and July 17 to 23 2010, were approximately one year later for the purpose of population size estimation. The same collection methods were followed, with groups of volunteers of approximately the same size.
For initial measuring and marking of the animals, captured individuals were temporally anesthetized in an ice bath for 2 minutes. Once removed, we scanned each animal for any existing tag using an Avid MiniTracker I © (AvidID, Norco, CA). The sex, carapace width and carapace length were recorded. Mass was obtained by a Pesola ® spring scale. Each C. guanhumi was injected with a PIT tag as above. The microchip was injected into the arm segment between the carpus and into the center of the merus. If no cheliped was present, the tag was injected into the largest pereiopod. The animal was scanned and the tag number was recorded. The crab was then returned to the point of collection. Animals captured at night were released within 50 meters of capture.
During May and July of 2010 crabs were captured by hand in the same area of Vieques as the July 2009 study. We scanned captured C. guanhumi for PIT tags and released them if none were found. When a recapture occurred, the same data were taken as in 2009. Descriptive statistics, Shapiro-Wilks tests, and a Mann-Whitney test were calculated using Analyze-it software (Analyze-it, 2009 ). The number of collected crabs and recaptures were recorded and Fig. 2 . Map of Vieques, Puerto Rico, showing study area on the south central part of Vieques. The land area surveyed is approximately 4.5 km 2 . Fig. 3 . Photograph of C. guanhumi wooden trap on Vieques, PR. This design had a slanted part at the right (A) has no bottom and is placed over the crab burrow opening. Bait, fruit or leaves, was hooked at the back of the trap (B). When the bait was moved by the crab, the balanced was unhooked (C), and the door (D) dropped down trapping the animal. This trap was confiscated from hunters and used for study. This was the most common design of wooden trap used on Vieques.
the Schnabel Method (Chapman, 1951) was used to estimate the population size for both May and July 2010.
RESULTS
All C. guanhumi marked with PIT tags from Ft. Pierce, FL survived for 7 months. They showed no irritation at the injection site or loss of movement in the minor cheliped. None of the animals molted, agreeing with Lutz and Austin (1983) who noted C. guanhumi rarely molt in captivity. The animals were being maintained in an unheated structure and all the individuals were killed by an unexpected freeze in Pensacola, FL, in October, 2009. During the 11 days of marking effort in July 2009 we captured 397 C. guanhumi in the study area, of these 228 were female and 169 were male. All were measured and had a PIT tagged inserted. Table 1 gives descriptive statistics for the carapace length, width and total mass of the individuals caught. Trapping captured 55 of these individuals, while 342 were hand-captured. These mass (Fig. 4) and carapace widths (Fig. 5 ) appeared to have approximately normal distributions, but when tested by Shapiro-Wilks they were found not to be (Analyze-it, 2009). Table 2 gives means and standard deviations of C. guanhumi caught by traps versus During the recapture trip in May 2010, we patrolled the same areas at the same time of day. We captured 199 C. guanhumi, of these 4 were marked with our PIT tags (2% recapture rate).
Because the recapture rates were low, mark-recapture calculations may have large errors. The Jolly Seibert markrecapture method calculated a population size of 24 160 individuals (Nichols et al., 1981) . We also calculated estimated population sizes using the Schnabel Method (Chapman, 1951) :
where N is the population estimate, M = marked crabs, C = the number of crabs captured on the recapture trip, and R = the number of recaptured crabs. The population estimate for the May 2010 data was 15 480 SE±6200. From the 95% confidence interval (CI) was calculated as 12 151.5 by:
We made another collecting trip in July 2010 following the same protocol as previous trips. During this survey 402 C. guanhumi were caught with 3 marked individuals being recaptured (0.7% recapture rate). The Schnabel method calculated the population as to be 38 699 (SE ± 17 131) with a 95% CI of 33 577.
When the data from both recapture surveys was combined the Schnabel method population estimate was 28 976 (SE ± 9494) and a 95% CI of 18 610. The two population estimate methods were within 15% of each other when all the data were used. This was the first population estimate not derived from burrow counts known to us of C. guanhumi on Vieques, or anywhere. As such we hoped this number would be used a basis for establishing hunting limits for this species on the Vieques FWS refuge.
The recaptured animals provided both growth data (Table 3) and location data for comparison to their previous capture. Recaptured C. guanhumi were found close to where they had been captured approximately one year earlier. The distances between mark and recapture points were: 55, 57, 58, 58, 127, 139, and 456 m (mean 136 m, SD ± 146 m) between mark and recapture locations (Fig. 6) . Without the outlier the average distance was 81 m. The mean mass of the recaptured crabs was 377 g (SD ± 84.0 g). These crabs were larger in mass than the population mean for the study.
This result was unexpected as literature and the experience of local hunters is that these animals move kilometers inland for mating (Lutz and Austin, 1983 ; M. Barandiaran, personal communiocation). If C. guanhumi return to the same area of the Vieques, or even the same burrow area after mating, this may have management implications. Alternatively, these animals may not have travelled inland during mating season. DISCUSSION Throughout the Gulf of Mexico, C. guanhumi is commercially harvested for food, but is considered a pest in Florida (Powers, 1977; Hostetler et al., 2010) . In Puerto Rico (PR) C. guanhumi a previously large population has been over- Table 3 . The table shows the sex, change in mass, date of recapture, and changes size of C. guanhumi recaptured during the study. The distance between the initial capture and recapture is also given. The recaptured animals were larger than the population mean of 320 g. The numbers indicate the capture and recapture of specific animals. Literature on this species states these animals move up to 5 km inland to mate annually, therefore the distances seen between mark and recapture events were closer than we expected.
harvested (Rodriguez-Fourquet and Sabat, 2009 ). In 1956, about 672 000 C. guanhumi were harvested on Puerto Rico, and their value constituted 7% of the fishery industry that year (Lutz and Austin, 1983) , but by the early 2000's the Puerto Rico catch was a few hundred to a couple thousand a year (Matos-Carabollo, 2005 Matos-Caraballo, 2007) . The decline of this commercially important species (Matos-Caraballo, 2002) on Puerto Rico has raised concerns for C. guanhumi populations on Vieques. The ease of capture (by hand using simple tools and bags) and slow growth of this species, up to 13 years to get to the large sizes seen on Andros, Bahamas (Lutz and Austin, 1983) , make this species vulnerable to population decline by human harvest. In response to the decline of C. guanhumi on the Puerto Rican mainland 83 000 crabs were imported annually from the Dominican Republic and Venezuela between 2001 -2004 (Rodriguez-Fourquet and Sabat, 2009 ). In our preliminary study, C. guanhumi tolerated PIT tags for seven months with no mortality. The animals in our preliminary study did not molt, though this is typical in captivity (Lutz and Austin, 1983 ). We did not see any loss of use of the legs that had the tags. We suggest that PIT tags were an appropriate technology for tagging these crabs and other animals that may be difficult to mark.
The mean mass of C. guanhumi captured on Vieques (314 g) was large compared to animals measured on Puerto Rico (117 g) by Govender and Rodríguez-Fourquet (2007) and reported for Venezuela (range 167-277 g) (Lutz and Austin, 1983) . The mass of the C. guanhumi on Vieques is similar to that reported on Andros Island, Bahamas in the 1980's (Lutz and Austin, 1983) . This large size indicates the crab populations in our study area were probably not under heavy hunting pressure. It should be noted, however, that the significant difference between crabs caught by hand as they ran outside their burrows and crabs caught from randomly placed burrows show a bias in size (Table 2 ). It is possible that individuals who were running were more likely to be sexually mature. If this is the case then the mass of adult crabs on Vieques is still relatively large, but this trapping bias should be noted and further investigated by future studies and population estimates.
Cardisoma guanhumi is a slow-growing species with approximately 60 molts in a natural lifespan, as opposed to the 20 of most land crabs (Hartnoll, 1988) . They are long-lived as well and reach reproductive maturity only after several years; a female with a 98 mm carapace width was estimated to be 13 years (Hartnoll, 1988) . The reduction of C. guanhumi in Puerto Rico shows that human hunting can contribute to population declines of this species (RodriguezFourquet and Sabat, 2009) .
We used two of the simpler population estimate calculations here. One advantage of these methods was that they were thought to work under many conditions robustly, see Bouffard and Hein (1978) for example. Further, despite several hundreds of man-hours of recapture effort the recapture rate was too low for more complex methods of population estimation done by available computer programs (George Price, personal communication). While no method of population estimation is perfect we thought the approximate agreement between these two well-known methods, for all their flaws, provided a population number that was useful for management and conservation planning.
The population estimates we calculated provide a baseline from which managers at the Vieques NWR could work. While the mass of the captured crabs indicates a population of mature individuals, our estimate of approximately 25 000 individuals could be eradicated by the activity of 30 hunters each taking 100 crabs for 10 nights. This is not an inconceivable scenario, and underscores the need for both permitting of crab hunting, and continued monitoring of the populations. This species occurs elsewhere on Vieques, but our study area contained many of the largest burrowing areas currently open to the public (M. Barandiaran, personal communication).
In the current study there was a difference in recapture rates between the tagging operation in 2009, the recapture effort in May 2010 and the recapture effort in July 2010. The first two recapture rates were about 2%, while the July 2010 effort had a recapture rate of 0.7% even though over twice as many animals were caught as in May. One possible reason for this result was the torrential rains, which brought an unusual degree of flooding to Vieques in July 2010. Dependable precipitation records were difficult to obtain, but the National Weather Service issued flash flood warnings for Vieques on several of the days when we were sampling. We had difficulty driving certain roads and some crab burrow areas were submerged under 1 m of water. These conditions may have changed the behavior of the crabs making them more available for capture.
The apparent site fidelity of C. guanhumi was surprising. This the first record of this we could find, though Lutz and Austin (1983) allude to evidence of individuals returning to the same burrows year after, but provide no data. This behavior has management consequences because adults may not spatially redistribute after running inland to mate but return to the same areas they left, if not the same burrows they occupied before they left to mate. This could lead to faster depletion of areas by harvest than if animals wandered downhill after mating and occupied found burrows every year because adults taken from an area would not be replaced annually by new adult immigrants. These results indicate that one possible management approach could be to permit hunting in one part of this area while prohibiting it in other areas. The prohibited areas could serve as a source of recruitment to replace adults taken from the hunting grounds. Monitoring the size of adults in the hunting area could indicate the degree of hunting pressure, as smaller adults would be expected under strong hunting pressure. The potential for site fidelity also argues for well-developed navigation ability in these animals, which could be an interesting area of further study.
